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Abstract--1. Significant differences in the thermostability of both glucosephosphate and triosephosphate 
isomerase were noted among a series of six primate and five nonprimate species. 
2. The enzyme structural differences among species, as assessed by thermostability profiling, was greater 
than expected from electrophoretic mobility patterns. 
3. Microheterogeneity of GPI, i.e. differences in thermostability within a species that are not detectable 
by electrophoresis, was detected in two primate species. 
4. Major differences in the levels of erythrocyte enzyme activity were observed with human and cow 
differing by 18-fold for TPI and baboon and cow differing by seven-fold in GPI activity. 
INTRODUCTION 
Comparative enzymology has been a useful approach 
to the study of the role of specific amino acid residues 
in enzyme mechanisms, the importance of  enzymes 
in physiological functions and evolutionary relation- 
ships among species. These studies have generally 
centered on "recently" duplicated loci but have 
at times also focused on more divergent loci 
(Gracy, 1982; Hewett-Emmett et al., 1982; Li, 1983; 
Tashian et aL, 1983; Wheat and Goldberg, 1983). 
Triosephosphate isomerase (TPI; EC 5.3.1.1) and 
glucosephosphate isomerase (GPI; EC 5.3.1.9) are 
enzymes which share many common mechanistic 
features and some structural similarities, but exhibit 
significant differences in levels of  genetic variation. 
Thus they provide the basis for potentially interesting 
comparisons of  divergent loci. 
GPI and TPI catalyze reversible aldose-ketose re- 
actions via similar mechanisms (Noltmann, 1972) 
involving a histidine and a glutamic acid residue at 
the catalytic center (Achari et al., 1981; Alber et al., 
1981). The active site of  GPI also involves a lysine 
(Lu et al., 1981; Palmieri et al., 1982) and probably 
an arginine residue (PuUan et al., 1983). Electron 
density maps of the two enzymes suggest similarities 
in structural features (Steinberg et al., 1981) and 
similarities are noted in the active site peptides of the 
two enzymes (Hartman and Gracy, 1973; Gibson et 
al., 1983; Gracy, 1982). Both enzymes are products of 
single structural loci in animal species (Womack, 
1982), although a second TPI isozyme is observed in 
proliferating cells from higher primates (Decker and 
Mohrenweiser, 1981). This second isozyme is the 
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product of the same structural locus as the consti- 
tutive isozyme (Decker and Mohrenweiser, 1981). 
Cell division or tissue specific isozymes of GPI have 
not been observed for animal species (Kester et al., 
1977; Rogers et al., 1980). Both enzymes have dimeric 
structures although the subunit molecular weight of 
GPI (63,000 daltons) (Gracy, 1982) is more than 
twice the molecular weight of the TPI subunit (25,000 
daltons) (Corran and Waley, 1975). Given the struc- 
tural and mechanistic similarities of the enzymes, it 
has been suggested that they are derived from a 
common ancestral protein (Sternberg et al., 1981). 
Many mobility differences are noted when com- 
paring GPI from various animal species (Scopes, 
1968) and electrophoretic variants of GPI are noted, 
often as polymorphisms, within many animal species 
(Richkind and Richkind, 1978; Sandberg, 1973; Van- 
deBerg and Stone, 1978). Variants with frequencies 
approaching 1% are noted in many human popu- 
lat ions-also (Omoto and Blake, 1972). In contrast, 
electrophoretic mobility variants of TPI are rare in 
human populations (Neel et al., 1980a,b) as are 
structural variants within other animal species 
(Gracy, 1982). Also mobility differences for TPI 
among animal species are apparently minimal 
(Snapka et al., 1974). For example, the mobility of 
TPI in five nonhuman primate species is identical to 
the mobility of the enzyme from humans (Turner et 
al., 1984). The sequence data available for TPI sug- 
gests a slow rate of evolution for this enzyme 
(Dayhoff, 1978). Although similar sequence data are 
not available for GPI, the extent of electrophoretic 
variation within and between species would seem to 
suggest that GPI is more tolerant of amino acid 
substitutions and consequently significant species 
differences in GPI structure may be expected when 
similar comparisons are completed. 
The absence of either TPI or GPI results in a 
metabolically significant genetic disease. GPI 
deficiency is the third most prevalent cause of hemp- 
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Fig. 1. Electrophoretic pattern of TPI and GPI isozymes in several species. The isozyme profile of TPI 
is in (A) and the profile of GPI isozymes is in (B). Lane 1, human; lane 2, chimp; lane 3, patas; lane 4, 
rabbit; lane 5, dog; lane 6, cow; lane 7, sheep; lane 8, chicken. 
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lytic anemia in humans (Arnold, 1979; Kahn et al., 
1979). By contrast, homozygotes for TPI deficiency 
are rare but the condition is considered the most 
severe glycolytic enzyme deficiency, usually resulting 
in death before the age of four years (Kahn et al., 
1979; Vives-Corrons et al., 1978). This low observed 
frequency of homozygotes is in contrast to the high 
frequency for a TPI null allele observed in the US 
Black population (Mohrenweiser and Fielek, 1982; 
Mohrenweiser, 1983). 
This paper will examine the extent of structural 
variation, as assessed by thermostability, in these two 
enzymes among primate species for which significant 
differences in levels of erythrocyte enzyme activity 
had been previously observed. It will also report on 
similar characteristics of these erythrocyte enzymes in 
several nonprimate species and again contrast 
differences in thermostability with electrophoretic 
mobility and erythrocyte enzyme activity patterns. 
MATERIALS AND METHODS 
Blood was  d r aw n  in A C D  vacuta iners ,  the ceils were 
washed three times with saline plus 0.1~ mercaptoethanol 
and stored at -90°C (or in liquid N2) as packed cells. 
Hemolysates were prepared as previously described (Fielek 
and Mohrenweiser, 1979). Enzyme assays, thermolability, 
electrophoresis and immunological studies were as described 
previously (Satoh and Mohrenweiser, 1978; Asakawa and 
Mohrenweiser, 1982; Mohrenweiser and Fielek, 1982). The 
primate species (Papio anubis, baboon; Macaca mulatta, 
rhesus; Pan paniscus, chimp: Cercopithecus aethiops, vervet; 
Erythrocebus patas, patas) have been described by Turner et 
al., 1984). The samples from the other species were obtained 
from healthy animals maintained by the University of 
Michigan Laboratory Animal Care Unit except the bovine 
samples which were obtained through the Department of 
Animal Science at Michigan State University. Blood from 
three or four individual animals of each species were used 
throughout the study. All incubations and assays were done 
in duplicate. The chicken antihuman TPI sera was a gift 
from Drs Eber and Krietsch of the University of Munich. 
RESULTS 
Electrophoretic 
Previous analyses (Turner et al., 1984) have shown 
that the electrophoretic mobility of TPI in the five 
nonhuman primates is identical to the mobility of the 
isozyme from humans while for GPI the mobility of 
the enzyme from chimp and human differs from the 
mobility of the enzyme in the other four species. 
Among the nonprimate species, the mobility of TPI 
from sheep and cow is similar and does not differ 
from the mobility of the primate isozyme (Fig. I(A)). 
The isozymes from rabbit and dog migrate cathodal, 
relative to the primate isozyme, and also apparently 
do not differ from each other. The migration of the 
chicken isozyme is anodal to the human isozyme. The 
deamidation bands associated with the labile aspar- 
agine residues of the human (Gracy and Yuan, 1980) 
and rabbit (Corran and Waley, 1975) isozymes are 
seen in all species except the chicken where it is 
known that a lysine has replaced Asp 15 (Banner et 
al., 1975). 
Seven electrophoretic mobility classes are observed 
for GPI (Fig. I(B)). Only the isozymes from humans 
and chimps exhibit cathodal mobility at pH 8.6. The 
isozymes from the other species exhibit anodal mobil- 
ity and with the exception of the cow and sheep 
isozymes, each has a unique mobility. In contrast to 
previous electrophoretic studies with polyacrylamide 
as a support (Turner et al., 1984), the GPI isozymes 
from human and chimp exhibited slightly different 
mobilities when the electrophoresis was conducted at 
pH 8.6 with hydrolyzed starch as the support. 
Enzymatic activity 
The levels of enzymatic activity in erythrocytes of 
the different species, expressed as units per g hemo- 
globin, are in Table 1. As previously reported, the 
human has the highest TPI activity of the primate 
species, with the nonhuman primates having approx- 
imately 30-50~ the human activity. The erythrocyte 
TPI activity for dog (59?/o) and rabbit (42~) and 
chicken (32~o) is also in the range observed in eryth- 
rocytes from nonhuman primates. The TPI activity in 
bovine and sheep erythrocytes is the lowest of any of 
the species with the activity in bovine erythrocytes 
being only 6~ the activity observed in human eryth- 
rocytes. 
As previously observed, the order for GPI activity 
among the primates is very different from that ob- 
served for TPI activity. The baboon has the highest 
GPI activity while the other four nonhuman primates 
have 50-70~o of the baboon activity. In contrast to 
TPI, human erythrocytes have the lowest GPI activ- 
ity (30~ of baboon) among the primates. The rabbit 
erythrocyte GPI activity is equal to that of the 
baboon while the dog GPI activity is only 33~ of 
baboon activity. Chicken and the cow/sheep pair 
Species 
Table h Activity of TPI and GPI in erythrocytes of several species 
TPI GP! 
Activity Activity 
(units + SD) × 10-2 %~ Species (units __. SD) 
1. human 1617+ 132 100 1. baboon 11,060+ 1055 
2. dog 994 + 183 59 2. rabbit 11,020 + 680 
3. paras 875 _+ 87 54 3. patas 9800 ___ 740 
4. baboon 720 ___ 71 44 4. rhesus 7830 + 1005 
5. rabbit 676 + 119 42 5. vervet 6150 + 615 
6. chimp 572 + 84 35 6. chimp 5710 + 230 
7. rhesus 527 + 117 33 7. dog 3670 __. 740 
8. chicken 517 + 76 32 8. human 3330 __. 560 
9. vervet 447 + 80 27 9. chicken 2469 __. 85 
10. sheep 325 + 71 20 10. sheep 1640 + 405 
11. cow 9 7 + 2 4  6 11. cow 1510+ 155 
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Fig. 2. Thermostability of GPI in chimps and patas. Open 
symbols/dotted lines are patas; filled symbols/solid lines are 
chimps. 
have only 14 and 15~ of the highest GPI  activity and 
as with TPI, rank lowest in enzymatic activity. 
Thermostability 
The thermostability differences observed are of two 
types. The first is within species variation, as observed 
for GPI  among chimps and also patas (Fig. 2). Three 
thermostability classes (stable, intermediate, labile) 
are observed in both species. These differences in 
thermostability are observed when the hemolysates 
are dialyzed prior to the heating step, and mixing of 
hemolysates from the different groups, prior to heat- 
ing, results in generation of an intermediate stability 
profile. Both of these results are expected if the 
lability is associated with differences in the enzyme 
structure rather than a factor conferring 
stability/lability to the enzyme. Samples from eight 
chimps had the thermostable phenotype while six had 
the intermediate and two the labile phenotype. The 
distribution was ten stable, three intermediate and 
three labile among the patas samples. Although 
heritability data are not  available, the data are consis- 
tent with the existence of two allelic forms of GPI  in 
each species with the intermediate group being the 
heterozygotes. Similar intraspecies heterogeneity was 
not  detected for TPI for these or for the other species. 
The results of  the thermostability comparisons 
among species are summarized in Table 2. Three 
thermostability classes are observed for TPI among 
the six primates species with the human enzyme being 
most stable (tl/2 of 37 rain at 58°C), followed by the 
enzyme from chimp erythrocytes (t~/2 21 min at 58°C). 
The enzymes from the other four species were similar 
with fi/2's (52°C) of 13-16 min and obviously much 
more labile than the human and chimp isozymes. The 
half-life of this labile isozyme could not  be measured 
at 58°C. The therrnostability of the TPI enzyme from 
the five nonprimate  species all differed from each 
other, including a difference between the cow and 
sheep isozymes which were electrophoretically simi- 
lar. The lability of the enzyme from the nonprimate 
species is intermediate to that observed for the higher 
and lower primate groups. 
The comparison of the thermostability of the GPi 
isozyme is more complex, given the micro- 
heterogeneity within two of the primate species, 
although several conclusions are apparent. GPI from 
baboon,  rhesus and vervet differ by amino acid 
substitutions which are electrophoretically silent. 
Similarly the enzyme from cow and sheep possess 
identical electrophoretic mobility but display 
different inactivation profiles. Also the isozymes from 
the various divergent species which are electro- 
phoretically different have very different thermo- 
stabilities. The similarity of the inactivation profile 
for the baboon and rhesus isozyme to the most labile 
of the patas and the chimp isozymes is also noted. It 
should be noted also that, as with the levels of 
enzymatic activity, the rank order for thermostability 
is very different between the two enzymes and also 
differs from the rank order for activity. 
Imrnunoinactivation 
The 18-fold difference in the level of erythrocyte 
TPI activity between bovine and human and, to a 
lesser extent, the differences among the primates 
could reflect either a large difference in kinetic prop- 
erties between the isozymes or a difference in the level 
of enzymatically active TPI protein in the erythro- 
cyte. Given the similarities in the kinetic properties of 
TPI from various species (Corran and Waley, 1975: 
Banner et al., 1975; Eber and Krietsch, 1980), 
differences in kinetic properties in the enzyme from 
these species were not expected. Therefore, assuming 
similar immunoreactivities, the amount  of antisera 
required to inactivate a unit of  enzyme activity is a 
relative measure of the quantity of enzyme protein 
and therefore is a measure of relative specific activity. 




58 C 52 C 52 (" 49 (" 
human 37 ~ 19 
chimp (1) 21 46 
chimp (2) -- 23 
chimp (3) 14 
baboon - 15 11 ~ 60 
rhesus 13 I 0 44 
patas (1) 16 47 
patas (2) 23 
patas (3) -- 13 
vervet 13 - 5 23 
cow - 41 ~ 3 18 
sheep 50 12 
rabbit 13 19 
dog 9 ~ 60 15 
chicken 8 > 90 60 
~Temperatures at which half lives could not be calculated. 
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Fig. 3. Immunoinactivation profile of TPI in hemolysates 
from several species. All samples were adjusted to a constant 
level of enzyme activity. Incubation and assay conditions 
are described in Mohrenweiser and Fielek (1982). (0) 
Chicken; (C)) sheep; ( I )  cow. The range for all individuals 
for the remaining eight species is indicated by the stippled 
area. 
Similar immunoinactivation profiles were observed 
for all of the primates plus the enzyme from the 
rabbit and dog. The profile for the sheep and cow 
enzyme is very different where 1 #i of antisera in- 
activates only 30~ of the enzyme activity rather than 
the 70~o of the activity as observed for the other 
species (Fig. 3). The absence of inactivation of the 
chicken enzyme is as expected and is a clear indi- 
cation of the specificity of the immunoinactivation. 
DISCUSSION 
The levels of erythrocyte GPI activity in the non- 
primate species is similar to previous reports (Smith 
et al., 1965). Similar comparative data have not been 
generally available for TPI. With the exception of the 
sheep, cow and chicken, which have the lowest 
activity for both enzymes, expressed as activity per g 
hemoglobin, no consistency in rank order or percent 
of maximum activity is noted between the enzymes. 
Previous data indicate that the low enzyme activity in 
sheep, cow and chicken erythrocytes is not simply a 
reflection of differences in the hemoglobin concen- 
tration in that they have relatively higher activity 
levels for several other glycolytic enzymes when sim- 
ilar species comparisons are made (Agar et  al., 1975; 
Agar and Smith, 1974; Smith et  al., 1965; Smith and 
Kiefer, 1973). It should be noted that the level of TPI 
activity in bovine erythrocytes is very similar to the 
activity reported for erythrocytes from TPI deficient 
newborns that exhibit severe hemolytic anemia 
(Kahn et  al., 1979; Vives-Corrons et  al., 1978). 
The differences in thermostability of GPI within 
the chimp and patas groups are similar to the micro- 
heterogeneity observed within electromorphs at many 
loci in other organisms (Singh et al., 1975; Thorig 
et  al., 1975; Beckenbach and Prakash, 1975) in- 
cluding several human GPI isozymes (Satoh and 
Mohrenweiser, 1979). The retention of the differences 
following dialysis, the intermediate stability in mixing 
experiments and the absence of similar heterogeneity 
for TPI suggests that the thermostability difference 
among animals within these two species reflects 
differences in GPI structure resulting from "silent" 
amino acid substitutions. Three electrophoretically 
identifiable GPI isozymes are observed among the six 
primate species and seven isozymes are detectable 
among the 11 species. Addition of the thermostability 
differences to the mobility variants increases the 
isozymes (including the allelic isozymes in both 
chimps and patas) observed in the primates to eight 
and among all of the species studied to 13. That is, 
each species has a unique GPI isozyme. 
The TPI thermostability differences among the 
primates are in contrast to the similarities in electro- 
phoretic mobility. The thermostability data suggest 
at least 3 isozymes (human, chimp and the lower 
primates group) which differ from each other by 
"silent" substitutions (or pairs of compensating 
substitutions). Again as with GPI, each of the electro- 
phoretically distinct TPI isozymes has a unique 
thermostability profile. Inclusion of the thermo- 
stability data with the electrophoretic mobility data 
increases the number of TPI isozymes among the 
primate species from one to at least three. Combining 
the data from both techniques increases the number 
of TPI isozymes among the 11 species from three to 
eight. Thus inclusion of thermostability studies with 
electrophoretic analysis more than doubles the 
numbe~" of isozymes detected, observations consistent 
with population screening studies (Mohrenweiser and 
Neel, 1981) and theoretical considerations of the ratio 
of charged and uncharged amino acids. The thermo- 
stability data, although limited, suggest that a larger 
portion of the amino acid substitutions are electro- 
phoretically neutral in TPI than for GPI, a suggestion 
not inconsistent with the previously observed hetero- 
geneity. 
Previous data have shown that the specific activity 
of TPI is similar in very diverse species (Artavanis- 
Trakonas and Harris, 1980; Eber and Krietsch, 1980; 
Putman et al., 1972), thus, the similarity of the 
immunoinactivation profile for the human and rabbit 
enzyme is consistent with the previous observations. 
The data are also consistent with a similar specific 
activity for the enzyme from the other primate species 
as well as the enzyme from dog. This data would 
indicate that the differences in levels of enzymatic 
activity among these species reflect differences in the 
quantity of enzyme protein in the cell. The cow/sheep 
data suggest that the specific activity of TPI from 
these species is only 30~o of that observed for the 
other species in this study. Although this observation 
is consistent with the very reduced levels of erythro- 
cyte enzyme activity, it can explain only about 20~o 
of the reduced activity. The possibility that the profile 
differences are a measure of immunological related- 
ness cannot be excluded at this time. The differences 
in enzyme activity among the other species, given the 
constancy of the specific activity, are best explained 
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by differences in levels of  enzyme proteins.  These 
could reflect ei ther differences in rates of  synthesis or 
rates of  degradat ion,  the lat ter  having  a very pro- 
nounced  effect in erythrocytes because of  the absence 
of  prote in  synthesis in these cells. 
It is appa ren t  tha t  significant s t ructural  differences 
exist a m o n g  these species for bo th  G PI  and  TPI.  The 
n u m b e r  of  differences observed for TPI  are somewhat  
surpris ing given the minimal  e lectrophoret ic  vari- 
a t ion previously observed for this isozyme as well as 
the slow rate of  evolut ionary  change  at this locus. By 
contrast ,  the var ia t ion  in G PI  structure,  including the 
microheterogenei ty ,  is a lmost  expected given pre- 
viously repor ted var ia t ion  with this enzyme. It would 
seem appa ren t  tha t  min imal  amino  acid subst i tut ions,  
including silent subst i tut ions,  can result in mea- 
surable s t ructural  al terat ions,  some of  which may be 
of  physiological  significance, as reflected in 
differences in levels of  erythrocyte  enzyme activity. 
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